M ost neurodegenerative disorders are characterized by the build-up of clumps of proteins in the brain 1 . A prevailing view in the field is that these large protein assemblies are inherently abnormal and are toxic to cells. Writing in Nature, Vogler et al. 2 challenge this canon by reporting that muscle cells can contain physiological, reversible protein aggregates that have features similar to the aggregates seen in neurodegenerative disease, but that actually seem to be beneficial.
The protein TDP-43 forms aggregates in nerve cells in nearly all cases of the neurodegenerative disorder amyotrophic lateral sclerosis (ALS, also known as motor neuron disease) 3 . TDP-43 aggregation is also seen in other diseases, including frontotemporal dementia (FTD) 4 and inclusion body myopathy (IBM) 5 , in which neurons and muscle cells, respectively, degenerate. FTD and IBM share genetic risk factors with ALS, indicating that the three have common disease mechanisms. In each disease, aggregates of TDP-43 are specifically found in the cytoplasm of dying cells. TDP-43 also has a normal job in the nucleus of healthy cells, where it acts as an RNA-binding protein 4 .
Vogler et al. set out to investigate the behaviour of TDP-43 in healthy muscle. In doing so, they made a surprising observation. As expected, TDP-43 was located in the nucleus of muscle stem cells. But when the authors coaxed these cells to differentiate into young muscle fibres called myotubes, or if they used a chemical to injure a mouse's leg muscle to stimulate muscle regeneration, TDP-43 accumulated in the cytoplasm. There, it formed transient granular structures, which the researchers dubbed myo-granules, before moving back to the nucleus a few days later, as the myotubes became mature muscle fibres (Fig. 1) . These data suggest that cytoplasmic TDP-43 myo-granules could have a role in muscle formation and regeneration.
Do myo-granules resemble the TDP-43 aggregates associated with neuro degenerative diseases? Disease aggregates are typically held together by strong bonds that are resistant to even heavy-duty detergents. Likewise, Vogler and colleagues found that TDP-43 myogranules were resistant to such detergents. Another key feature of many neurodegenerative-disease proteins (although not all diseaseassociated TDP-43 aggregates) is that they can adopt a specific conformation, known as amyloid. Amyloids are long fibres made up of building blocks of the misfolded disease proteins arranged in a highly organized manner 6 . Using an array of analytical methods -including an antibody to specifically detect amyloid-like material, and high-resolution microscopy and X-ray diffraction techniques to enable examination of the myo-granule's structure -the authors demonstrated that TDP-43 myo-granules have amyloid-like properties.
Next, Vogler et al. investigated differences between TDP-43 in cytoplasmic myo-granules and in the nucleus, by examining the RNAs to which the protein binds in the two settings. They found that the types of messenger RNA that bind to TDP-43 changed markedly as muscle precursors differentiated into muscles.
The mRNAs found associated with aggregated TDP-43 included those that encode proteins associated with the sarcomere -a unit of muscle structure that causes muscle contraction. These data suggest that TDP-43 myogranules might control the development of sarcomeres.
To confirm a role for TDP-43 in muscle formation, the authors generated mice whose muscle stem cells lacked one of two copies of the gene that encodes the protein. Lowering the level of TDP-43 in this way led to a decrease in the diameter of the muscle fibres generated in response to injury, indicating that TDP-43 is important for full muscle regenerationprobably because it somehow regulates the expression of muscle mRNAs. However, this experiment does not prove that myo-granule formation is necessary for TDP-43 function in muscle regeneration; reducing TDP-43 levels causes cellular dysfunction in many cell types, but Vogler et al. report myo-granules only in myotubes.
Regardless of the physiological function of TDP-43 myo-granules, the authors' data beg the question of whether these structures can eventually turn into disease aggregates. To investigate this possibility, the group turned to mice carrying a mutated form of the gene VCP that can cause ALS, FTD and IBM in humans 7 . The mutant mice, in which muscle, brain and bone tissue degenerates 5 , had many more myotubes harbouring TDP-43 myo-granules than did wild-type mice. This suggests that VCP mutations might increase the risk of tissue degeneration by increasing the prevalence of myo-granules. In this scenario, perhaps small seeds of TDP-43 from myo-granules could be transported to the nerves that innervate muscle, where they might initiate a cascade of show that TDP-43 transiently leaves the nucleus and assembles into large aggregate structures dubbed myo-granules, in which the protein binds to, and so might regulate, a distinct set of mRNA molecules involved in muscle formation. After recovery from injury, as the muscle matures, the myo-granules disassemble and TDP-43 returns to the nucleus.
TDP-43 aggregation. Indeed, the earliest signs of neurodegeneration in ALS seem to originate at the nerve terminals adjacent to muscle, resulting in a 'dying-back' phenomenon that eventually reaches the main body of the neuron, which houses the nucleus 8 . The differences between TDP-43 disease aggregates and myo-granules are as interesting as the similarities. Unlike myo-granules, most TDP-43 disease aggregates seem to have an amorphous structure, although some do have amyloid-like characteristics 9 . Moreover, the disease aggregates seem to be irreversible, whereas myo-granules disassemble as muscle cells mature. Because of this, myogranules could provide an opportunity to investigate how strongly bound aggregate structures are dis assembled. Factors that promote the dis assembly of myo-granules might also be effective at clearing disease-associated aggregates.
Vogler and colleagues' findings raise an intriguing question. Strenuous exercise and weight training stimulate repeated rounds of muscle growth and repair -could this activity increase the production of TDP-43 myo-granules, increasing the propensity of TDP-43 to aggregate and so leading to diseases such as ALS? Indeed, there is some evidence for increased prevalence of ALS in elite athletes 10, 11 . However, much more evidence for the role of myo-granules and more human data will be needed before such a link can be assumed. This paper sets the stage for future work characterizing the physiological function and regulation of TDP-43 myo-granules, and for investigating how these complexes might contribute to disease. There are other examples of amyloid-like protein complexes that form in healthy cells 12, 13 , but Vogler et al. describe the first that are made up of a protein that can also aggregate in disease. The race is on to search for more of these kinds of functional granule in other cell types. The idea that amyloid-like structures might have beneficial roles, rather than simply being associated with disease, represents a change in our understanding of these protein aggregates. Myo-granules provide a unique opportunity to unravel the differences
